Abstract. This paper investigates the effects of time-delayed feedbacks on Tuned Mass Dampers (TMD) in the galloping control based on a theoretical model. The Runge-Kutta integration algorithm method is used to solve the model. Then we analyse the effects of the time delay T and the gain strength K of the time-delayed feedbacks on TMD's control effect. With time delay T increasing, the TMD's effect may be either amplified or suppressed, depending on the value of time delay chosen, which is periodic on the parameter T. For a range of values of T and K, the galloping amplitude of the system with TMD and time-delay feedbacks (TTMD) is found to be lower than that of the system with TMD. The TMD with time-delayed feedbacks choosing a suitable time delay T and gain strength K may have better effects on preventing galloping of iced conductors.
Introduction
Galloping is a self-excited instability related to slender structures with non-circular cross-sections. Appearing with low frequency and large amplitude, galloping of transmission lines may cause electric accident, e.g., flashover, short circuit, line break and tower collapse. Since galloping was observed in the 1930s, extensive researches have been carried around this issue, and many passive and active devices have been proposed to suppress galloping, such as spacer, detuning pendulum, spoiler and tune mass damper (TMD) [1] [2] [3] [4] [5] [6] .
Among them, the TMD has received particular attention, which prevents galloping by increasing damping the energy dissipating of system. The TMD is widely used in vibration control of building, bridge and mechanical system. Previous studies are mainly devoted to design the spring-viscous connection of the added mass to the system for reaching a suitable tuning to the frequency of an assigned mode [7] [8] [9] [10] [11] . However, the TMD with time-delayed feedbacks may be another way to increase the energy dissipating of system and also has a better effect. In fact, time delays arising may inevitably exist [12] , and time delays plays an important role in vibration control [13] . Mehmood et al. [14] studied the effects of linear and nonlinear velocity feedbacks on vibration amplitude of a circular cylinder. Abdelkefi and Ghommem [15] , L. Wang et al. [16] studied the effects of time-delayed feedbacks on aeroelastic galloping response of square prisms and find that galloping responses can be either amplified or suppressed by time-delay feedbacks, depending on the time delay chosen. Besides, time-delay feedback control has been widely adopted to control the vibration of lathe cutting tools and container cranes [17, 18] . Although the effects of delayed feedback control on nonlinear vibration absorber system has been studied by Xu Jian [19] , the galloping of transmission lines which is self-excited instability is different from that. So it is necessary to study the effects of time-delayed feedbacks on the TMD's effects in galloping control.
This paper thus focuses on the effects of time-delayed feedbacks on TMD's effects in the galloping control. The remaining parts are organized as follows: the mechanical models approximating the vibration of the system including time-delay feedbacks is presented in section 2. Section 3 gives numerical results that is, the curves of the variation of galloping amplitude of the different systems with respect to the time delay T and the gain strength K. Finally, the results are discussed and summarized in section 4.
Equations of Motion
Simplified Model. Galloping of iced conductors can be simplified to the model shown in Fig 
Governing Equations
The vertical motion of the simplified galloping model in Fig. 3 (a) can be described by the following differential equation:
The vertical motion of the simplified galloping model in Fig. 3 (b) can be described by the following differential equation:
The vertical motion of the simplified galloping model in Fig. 3 (c) can be described by the following delayed differential equation: (3) where, y 1 is the position of galloping body, y 2 is the position of the added mass, with respect to the zero equilibrium position of the system, m 1 is the equivalent mass of galloping body, m 2 is the equivalent mass of TMD, k 1 is the equivalent stiffness of iced conductors, k 2 is the equivalent stiffness of added mass, c 1 is the equivalent damping coefficient of iced conductors, c 2 is the equivalent damping coefficient of the TMD, T is the time-delayed parameter, K is the gain strength of time-delayed feedbacks, f y is the vertical wind load intensity and the dot symbol stands for differentiation with respect to time t.
As for the aerodynamic force f y , some assumptions need to be introduced: (1) the quasi-steady theory is adopted; (2) the ice is uniformly distributed along the transmission line. Following Belvins [20] , Barrero-Gil [21] and Luongo [22] , a cubic polynomial is used to approximate the vertical fluid force coefficient so that the aerodynamic forces can be expressed as (4) where, ρ is the air density, U is the steady wind, D is the diameter of the conductors, is the angle of attack, a 1 , a 2 and a 3 are the aerodynamic coefficients of the drag force, which are measured via wind tunnel tests.
Numerical Results and Discussion
In the following numerical analysis, the same parameters of the three models are selected as follows: the equivalent mass of iced conductors is m 1 =0.44 kg, the equivalent stiffness of conductor structure is k 1 =180N/m. the equivalent damping ratio of conductor structure is ξ 1 =0.515×10 -3 , the mass of the TMD is m 2 =0.5 m 1 , the stiffness of the TMD is k 2 =0.5k 1 , the damping coefficient of the TMD is c 2 =0.5c 1 , the aerodynamic coefficients are a 1 =0.667 and a 3 =-33.432, the gravitational acceleration is g=9.81 m.s -2 , the air density is ρ=1.29 kg.m -3 . The solutions of Eq. (1), (2) and (3) are obtained by using Runge-Kutta integration method with variable step; the initial conditions are chosen to be y 1 (0)=0.01, ̇ (0) = 0, y 2 (0)=0, ̇ (0) = 0. Fig. 2 shows that the galloping amplitude varies with wind speed for different models. From Fig. 2 , we can see that the time-delayed feedbacks have effects on galloping control. For T=3s, the response amplitude and critical velocity of the system with TTMD are found to be lower than that of the system with TMD in the absence of time-delayed feedbacks and that of the system without TMD. The response amplitude and critical velocity of the system with TMD is lower than the single system. For T=1.5s, the response amplitude and critical velocity of the system with TTMD are found to be higher than that of the system with TMD in the absence of time-delayed feedbacks and that of the system without TMD. So the effects of TMD may be either amplified or suppressed by time-delayed feedbacks, depending on the value of the time delay chosen. When the appropriate time delay T is adopted, the effects of TMD can be dramatically amplified. The selection of the time delay T is analysed in the next section. 
Comparison of the Three Models
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Effects of the Delay Time on Galloping Amplitude Fig. 3 gives the curves of the variation of galloping amplitude with time delay T under different gain strength K of time-delayed feedbacks. When 0<T<2.5s, the response amplitude of the system with TTMD is larger than that of the system with TMD, the effects of TMD is suppressed. When 2.5s<T<3.5s, the galloping of the system with TTMD is prevented, which means that the effects of TMD is dramatically amplified. When 3.5s<T<4s, the behavior is same to that of the range from 0 to 2.5s. It indicates that the effect of feedback force on TMD is periodic on the time delay parameter T. In certain range, the galloping even can be prevented and the TMD's effect is markedly amplified. However, in other range, the TMD' effect can be ignored. Of course, the effects of time delayed feedbacks increase with gain strength K increasing. 
Effects of the Gain Strength of Feedback Force on Galloping Amplitude
Fig . 4 presents the variation of galloping amplitude with wind speed under different gain strength K and delay time T. When T=3.0s, the TTMD prevent galloping and the galloping amplitude decreases with gain strength K increasing. When T=1.5s, the TTMD promote galloping and the galloping amplitude increases with gain strength K increasing. So the increasing of the gain strength not always decrease the galloping amplitude, but always promote the effects of TMD. 
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Conclusion
In this paper, the effects of time-delayed feedbacks on Tuned Mass Dampers in the galloping control is investigated, based on a theoretical model. Three models are introduced to contrasted and solved by the Runge-Kutta integration algorithm method. Regarding the effects of the time delay T and the gain strength K of the time-delayed feedbacks on TMD, the main findings are summarised as follows:
(1) The galloping amplitude of the system with TMD and time-delayed feedbacks is periodic on the time delay T.
(2) With the time delay T increasing, the effects of TMD may be either amplified or suppressed by the time-delayed feedbacks, depending on the value of the time delay T chosen.
(3) The TMD with time-delayed feedbacks may have better effects on preventing galloping.
